The aim of this study was to investigate the severity and duration of postoperative pain and hyperalgesia in sheep undergoing mandibular reconstructive surgery. Stimulus-evoked sensitivity at the surgical site and an area remote from injury, the ipsilateral and contralateral forelimbs, was measured as objective indicators of altered pain processing in adult female sheep (n ¼ 7). Responses were recorded before surgery and one, two, three, seven and 14 days afterwards. Concentrations of the acute-phase protein haptoglobin were measured in serum as a marker of inflammation before and at one and seven days after surgery. A significant decrease in forelimb mechanical withdrawal thresholds (secondary hyperalgesia) and response thresholds to punctate stimulation of the area surrounding the surgical incision (allodynia) was detected one day after surgery and persisted for at least three days, despite intra-and postoperative analgesic treatment. Concentrations of haptoglobin were significantly increased one day post-surgery, indicating the presence of a significant acute inflammatory response, and returned to pre-surgical concentrations by seven days. These data provide a deeper insight into understanding the impact of surgery in experimental animals, and may assist in formulating more effective analgesic and antihyperalgesic treatment regimens postoperatively.
The use of animals in oral and maxillofacial surgery research is common and different surgical procedures, with varying severity, have been described. Major jaw surgery in human patients results in immediate pain and chewing difficulties; hence, pain control is of paramount importance.
Assessment of postoperative pain and general animal health following experimental jaw surgery is lacking. Despite the large number of published studies where animal models have been used in various maxillofacial procedures, to our knowledge, there have been no objective attempts to assess the impact of such experimental procedures on animal welfare. Furthermore, although it is well established that animals experience pain after surgery (Welsh & Nolan 1995 , Lascelles et al. 1997 , Gonzalez et al. 2000 , Pogatzki et al. 2003 , the frequency of administration of analgesic agents in both experimental and clinical situations is much lower in animals than in human patients. For instance, only 50% of dogs and cats were reported to have received analgesics after ovariohysterectomy, and only 23% of small mammals after major surgery .
The aim of this study was to assess the effects of maxillofacial surgery on postoperative pain, by measuring secondary mechanical hyperalgesia (an increased responsiveness to a stimulus that is normally painful and occurring remote from the site of injury) and allodynia (pain caused by a stimulus that does not normally provoke pain) as indicators of altered pain processing.
Materials and methods
This study was carried out on sheep undergoing maxillofacial surgery as part of an investigation into the role of bone morphogenetic proteins in repairing osteoperiosteal mandibular defects. The study was approved by the University of Glasgow's Ethics and Welfare Committee and carried out under the UK Animal (Scientific Procedures) Act (1986) .
Animals
A total of 24 adult female sheep were included in this study with an average body weight of 68.575.1 kg. Of the 24 sheep, 12 underwent maxillofacial surgery and the remaining 12 acted as healthy controls. Following standard animal husbandry regulations, animals that underwent surgery were kept for a total follow-up period of three months.
Surgical procedure
The surgical procedure has been described previously (Abu-Serriah et al. 2004) . General anaesthesia was induced using diazepam 0.2 mg/kg intravenously (Diazepam Injection BP, 5 mg/mL, Phoenix Pharma Ltd, Gloucester, UK) and alphaxolone/alphadolone 2-3 mg/kg intravenously (Saffan TM 12 mg/mL; Schering-Plough Animal Health, Middlesex, UK) and maintained with a mixture of N 2 O (6 L/min) and O 2 (3 L/min) with 2-3% (vaporizer setting) isoflurane (Isoflurane-Vet, Merial Animal Health Ltd, Essex, UK) delivered via a cuffed endotracheal tube using a modified Bain's circuit. Morphine 0.2 mg/kg intravenously (Morphine Sulphate Injection BP 10 mg/mL; Celltech Pharmaceuticals Ltd, Slough, Berkshire, UK) and the non-steroidal antiinflammatory drug (NSAID) carprofen (Rimadyl LA 50 mg/mL; Pfizer, Kent, UK) 2 mg/kg subcutaneously were given at the time of induction. During and immediately after surgery, animals received a maximum of three further doses of morphine (0.2 mg/kg intravenously). Prophylactic antibiotics (Synluox s 140 mg/mL, 8.75 mg/kg body weight (7.0 mg amoxicillin, 1.75 mg clavulanic acid), Pfizer, Kent, UK), were given at the time of induction. Ten millilitres of the local anaesthetic lignocaine (Lignadrin 2%; Vetoquinol, Buckingham, UK) with adrenaline 0.001% was infiltrated around the site of incision, and the right mandible was exposed via a submandibular incision. An osteoperiosteal 35 mm long bony segment was excised from the parasymphyseal region of the right mandible, including the corresponding inferior dental and mental neurovascular bundles ( Figure 1a ). A stainless steel bone plate was used to maintain the preoperative alignment of the mandible, allowing immediate restoration of function. After haemostasis was achieved, implant material was prepared following the manufacturer's instructions, and the defect was filled with either recombinant human osteogenic protein type 1 (rhOP-1) and bovine collagen type-I or bovine collagen type-I only. The wound was then closed using absorbable suture material (3/0 Vicryl, Ethicon, Johnson & Johnson Intl, Brussels, Belgium). Animals received buprenorphine 0.01 mg/kg intramuscularly (Vetergesic Animalcare Ltd, York, UK) approximately 12 and 24 h after surgery, and were observed at regular intervals after surgery (as part of routine procedure) by clinical aftercare staff. Any signs of altered behaviour (lip curling, separation from the group, head held low, etc.) were recorded.
Body weight
Body weight of each animal was recorded before surgery and then at two, four, eight and 12 weeks after surgery. Body weight data were analysed using a Wilcoxon signed ranks Laboratory Animals (2007) 41 test, and a value of Po0.05 was considered significant.
Mechanical hyperalgesia
Withdrawal thresholds to noxious mechanical stimulation of both forelimbs were measured according to a method described previously by Nolan et al. (1987a) in seven of the 12 sheep that underwent surgery and 12 control sheep. Briefly, a pneumatic device connected to a calibrated pressure meter (Comark C9595 IS, Stevenage, UK) was used to push a blunt pin positioned on a standardized site on the skin of the foreleg (between the carpus and the elbow) with increasing force until a withdrawal response was evoked (clearly defined lifting of the leg). This procedure was repeated 2-4 times at each time point.
Readings from the pressure meter (mBar) were subsequently converted into newtons (N), and a cut-off threshold of 30 N was employed. Baseline withdrawal thresholds to mechanical stimulation were recorded one day before surgery and thereafter at one, two, three, seven and 14 days. Data are represented as the mean response in newtons7standard error of means (SEMs). Data were analysed using residual maximum likelihood (REML) analysis (Genstat, release 6.1). The model used was a linear mixed model where the fixed model was group (control versus surgical) Â time (post-surgery), and the random model comprised each animal. Mean differences were calculated using least significant difference (LSD), derived from the standard error of the difference (SED) obtained from the REML analysis. A value of Po0.05 was considered significant.
Assessment of allodynia
Touch-Test Sensory scores to punctate stimulation applied adjacent to the wound were measured using the staircase method (Chaplan et al. 1994) in seven sheep that underwent surgery and 12 control sheep. Filaments were presented in increasing order of stiffness, with an interval of 5 s between successive applications. Each filament was pushed to bending at eight equally spaced locations surrounding the wound (Figure 1b ). A positive response was noted if the animal withdrew from the stimulus. In the absence of a positive response, a stronger stimulus was presented; following a response, filaments of lower bending force were applied to confirm the minimum force which elicited a withdrawal response. This process was repeated three times. The Touch-Test Sensory score was defined as the score which elicited a response. Baseline scores were recorded one day before surgery and thereafter at one, two, three, five, seven and 10 days. Data are represented as the median score and were analysed using Mann-Whitney test (Minitab, version 12.1). A value of Po0.05 was considered significant. 
Serum haptoglobin
Haptoglobin is an acute-phase protein that has been used as an acute inflammation marker (Eckersall et al. 1999) . Venous blood samples (10 mL) were collected into heparincoated tubes followed by serum separation on day 0 before surgery and one and seven days post-surgery from seven sheep to measure serum haptoglobin levels. This was carried out following a haemoglobin (Hb) binding method described by Eckersall et al. (1999) , which is based on the principle that peroxidase activity of the haptoglobin-Hb complex at low pH is directly related to the haptoglobin content of the sample. Peroxidase activity was determined in an automated procedure on a MIRA biochemical analyser using a novel chromogen (Roche Diagnostics, Welwyn Garden City, UK). The data were then analysed using analysis of variance and post hoc Tukey's test (Minitab, version 12.1). A value of Po0.05 was considered significant.
Results
The mean pooled body weight for the 12 sheep that underwent surgery was 68.575.1 kg immediately prior to surgery and 66.577.5 kg at the time of euthanasia (12 weeks after surgery). A mean drop of 3.5 kg in body weight was noted within the first two weeks after surgery, which was not statistically significant. Forelimb withdrawal thresholds to noxious mechanical stimulation were measured in seven animals that underwent surgery and 12 healthy control animals. There was no difference in pre-surgery baseline thresholds between ipsilateral versus contralateral forelegs or surgical versus control groups. Following surgery, significant hyperalgesia was detected in both forelimbs (Figure 2) . The decrease in response threshold was similar in magnitude and duration for each leg, and therefore threshold scores for ipsilateral and contralateral legs were averaged for subsequent analysis. A maximum decrease in threshold of 6.970.7 N (39.975% decrease from pre-surgery values; Po0.05) was recorded one day post-surgery. Further analysis revealed that hyperalgesia persisted until day 3 after surgery (Po0.05). Mechanical withdrawal thresholds remained unchanged in control animals over the same experimental period.
Withdrawal responses to punctate stimulation of the area surrounding the surgical incision were recorded in seven animals that underwent surgery (Figure 3) . The median response decreased from 180 g before surgery to 80, 60, 61.5 and 80 g at one, two, three and five days post-surgery, respectively (Po0.05 versus pre-surgery responses). Responses gradually returned to pre-surgery levels over the next five days (P>0.05 versus pre-surgery responses). Stimulation of the same site in control animals failed to induce a withdrawal response at the maximum force applied (180 g) (Figure 3) .
The mean serum concentration of haptoglobin before surgery was 31.670.6 mg/ mL (n ¼ 7 sheep). Concentrations of haptoglobin were significantly increased one day post-surgery to 48.474.3 mg/mL (mean increase 3277% from pre-surgery concentrations; Po0.01). Levels had returned to pre-surgical concentrations by seven days post-surgery (33.071.6 mg/mL).
Discussion
Sheep were monitored frequently by the clinical aftercare team for signs of pain and discomfort during the acute postoperative period, and no obvious alterations in behaviour (e.g. tooth grinding, head down, reluctance of socializing, aggressive behaviour, rubbing against the fence, lip curling, etc.) were observed. Nevertheless, postoperative analgesia was administered for 24 h post-surgery as part of routine procedure. Clinical pain (spontaneous pain) is difficult to assess in animals, and sheep in particular often fail to show clear behavioural signs of pain (Flecknell & Waterman-Pearson 2000) . The method used to assess pain objectively in the present study, and one commonly used in experimental pain research, relied on measure-ment of stimulus-or touch-evoked pain. This type of pain is mediated via different mechanisms to spontaneous pain and is often more resistant to treatment (Woolf & Max 2001) . To our knowledge, this study is the first attempt of objective assessment of the impact of experimental maxillofacial surgical procedures on animal welfare. Following maxillofacial surgery, sheep displayed marked forelimb mechanical hyperalgesia (secondary hyperalgesia) and increased touch-evoked sensitivity surrounding the surgical incision (allodynia) for at least three days, despite provision of intra-and postoperative analgesia, using a balanced technique, which included opioids, NSAIDs and local anaesthesia. It is widely recognized that both peripheral and central sensitization occur in response to surgical inflammation (Woolf & Chong 1993) , inducing pain and hypersensitivity for days or even weeks afterwards (Wall & Woolf 1984 , Ness & Gebhart 1990 , Woolf & Chong 1993 . Induction of central sensitization in brainstem nociceptive neurons has been reported following surgical incision of the skin and fascia overlying the temporomandibular joint (Lam et al. 2004) .
Recognition and alleviation of central sensitization and associated hypersensitivity are not only important in providing effective analgesia in the acute postoperative period but may also be vital in preventing establishment of long-term changes in neuronal function that are thought to underlie development of chronic pain. Post-surgical pain is often referred to undamaged tissues remote from the site of injury (Wall 1993) and secondary hyperalgesia, an exaggerated response to noxious stimuli applied remote to the injury, occurs as a result of central sensitization (Millan 1999 , Treede & Magerl 2000 . Previous studies have shown referred mechanical hypersensitivity in patients (Richmond et al. 1993 , Stubhaug et al. 1997 , and animals (Welsh & Nolan 1995 , Lascelles et al. 1997 , Gonzalez et al. 2000 , Pogatzki et al. 2003 after surgery. Of interest are reports that migraine patients exhibit hypersensitivity inside and outside their The median withdrawal responses (g force) to punctate stimulation of the area surrounding the surgical incision were recorded in seven animals before surgery (day 0; indicated by arrow), and then on days one, two, three, five and seven ( Ã Po0.05 versus pre-surgery responses). Stimulation of the same site in control animals failed to induce a withdrawal response pain-referred areas, including the forearms (Burstein et al. 2000) . Sensory information from the face and limb is processed by parallel pathways in the central nervous system, converging at the thalamic level. Nerves innervating the forearms/limbs terminate in spinal cord cervical segments C5-T1, while the face is served by the trigeminal nerve (the fifth (V) cranial nerve), which enters the brainstem at the level of the pons. It is proposed then that forelimb hypersensitivity observed in the present study, and in migraine (Burstein et al. 2000) represents a sequential spread of supraspinal central sensitization to include spinal and thalamic neurons with whole body receptive fields (Burstein 2001) .
Data from the present study clearly demonstrate that provision of a balanced analgesic regimen did not prevent the development of post-surgical hypersensitivity. It was hypothesized that the use of multiple doses of morphine given intraoperatively, along with carprofen and lignocaine given before the onset of surgery, would have obtunded the development of secondary hyperalgesia. Buprenorphine, used in the postoperative period, is a partial m-opioid receptor agonist that is commonly used for analgesia, sedation and pre-anaesthetic medication in veterinary practice (Taylor & Houlton 1984 , Lascelles et al. 1997 . It is widely recognized to induce effective analgesia in the acute postoperative period (Brodbelt et al. 1997 , Stanway et al. 2002 , although frequently repeat doses are required. The duration of action of buprenorphine is reported to be between 6 and 12 h in rodents, cats, dogs and humans (Flecknell & Waterman-Pearson 2000) but considerably less in sheep (4 h) (Nolan et al. 1987b) . The data acquired from this study indicate that a modified therapeutic regimen is required to prevent development of central sensitization and postoperative hypersensitivity in sheep undergoing maxillofacial surgery.
Objective measures such as biochemical markers and body weight have been used as a guide to the presence of pain with varying degrees of success. Acute-phase proteins such as haptoglobin, serum amyloid A and C-reactive protein have provided valuable diagnostic information in the detection, prognosis and monitoring of inflammatory disease (Eckersall 2000) . In the present study, serum concentrations of haptoglobin were significantly elevated 24 h after maxillofacial surgery. Haptoglobins are a group of proteins that bind free Hb to form complexes to protect against haem-driven oxidative stress (McPherson 2001) , and are induced in response to pro-inflammatory cytokine stimulation. The upregulation of circulating haptoglobins in these sheep indicates a significant ongoing inflammatory reaction one day after surgery and again signals the need for a modified treatment regimen.
Monitoring a patient's body weight following major oral and maxillofacial surgical procedures is a simple and wellrecognized clinical practice. Postoperative pain often produces reduced food and water intake and impairment of a whole range of self-maintenance behaviours. For instance, loss of appetite and reduction in body weight has been reported in laboratory animals following surgery (Morton & Griffiths 1985 , French et al. 1988 ). In the present study, body weight was measured as an indirect measure of the effect of the surgery on the animal's feeding behaviour; however, our data suggest that there was no significant long-term impairment in animal feeding over the experimental period, even in the presence of marked changes in pain information processing, thus questioning its use as a reliable indicator of pain.
This study was carried out to assess the severity and duration of animal pain and hypersensitivity in response to surgical inflammation, with the aim of providing improved postoperative care and analgesia. The study revealed that sheep that underwent maxillofacial surgery displayed postoperative hypersensitivity lasting at least three days after surgery, despite intraand postoperative treatment with opioids, an NSAID and local anaesthesia. It is hoped that these data may provide a deeper insight into understanding pain in experimental animals and help in formulating a more effective postoperative pain and hyperalgesia management regimen following maxillofacial surgical procedures.
